Based on tight-binding model and a generalized Green's function formalism, the effect of quantum interference on the electron transport of the benzene molecule in a semiconductor/benzene/semiconductor junction is numerically investigated. We have shown that how the quantum interference sources, different contact positions and local gate, can control the transmission characteristics of an electrode/molecule/electrode junction. We have also studied the occurrence of anti-resonant states in the transmission probability function using a simple graphical scheme (which has been introduced in Ref. [Phys. Chem. Chem. Phys, 2011, 13, 1431 for different contact geometries between the benzene molecule and semiconductor(silicon and titanium dioxide) electrodes.
I. INTRODUCTION
Recently, interest in employing quantum interference (QI) for the design of single molecule devices as well as controlling the current through it has intensified 2-8 . Such effects occur when electron waves pass through a nano junctions phase-coherently and depend crucially on the symmetry. One of the important factors to study electron transport through the mesoscopic junctions is to control the quantum interference effect of electron wave related to the geometry that device adopts within the junctions. Regarding the employment of QI as an enabling tool for the execution of molecular switches, logic gates, data strong elements and thermoelectronic devices in single molecule devices, two different proposals have been suggested. One way to induce QI in molecular junction is to use a local gate potential to tune the position of induced transmission nodes relative to bias window, and the other is to control the electron transmission through chemical/conformational modification of side groups to aromatic molecules [3] [4] [5] .
The relevance of QI has been first observed in the context of wave-guides for semiconductor nanostructures [9] [10] [11] [12] , but it has also been recognized early on theoretically 13 and experimentally 14, 15 that electron transport through a benzene molecule connected in a meta-configuration is drastically reduced as compared to equivalent junctions with ortho and para connections between the molecule and the leads. This dependence of the conductance on the connection site in benzene has been identified as QI and has been explained in terms of phase shifts of transmission channels which are closely linked to the nodal structure of the involved molecular orbital (MOs), and it has also been generalized to elec- On the other hand, some theoretical and experimental efforts, have mainly focused on systems with two metal leads [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] often gold, intriguing physics, occurs when one or both electrodes are replaced with semiconductors [24] [25] [26] [27] [28] [30] [31] [32] [33] ,including negative differential resistance and rectification 34 . Indeed, semiconductor/molecule/semiconductor hybrid junctions with selfassembled mono-layers (SAM) are considered as promising candidates to create functional devices for molecular electronics. Semiconductor substrates are widely used in many applications. Multiple practical uses involving these materials require the ability to tune their physical (bandgap, electron mobility) and chemical (functionalization, passivation) properties to adjust those to a specific application. In the work reported in the present article we investigated the effect of quantum interference on electronic conductance of semiconductor/benzene/semiconductor junction which no studies have been reported to date. Using tight-binding model and a generalized Green's function method in the Landauer-Büttiker formalism, we have tackled this problem and the variation of interference condition determined by replacement three different configurations of the benzene molecule (ortho, meta and para) connected to the semiconductor/metal electrodes.
Semiconductor modeling is acquirable via some perturbations of the Newns-Anderson (NA) model as seen in Fig.(2-b) . One such model, introduced by koutecky and Davison (KD) is the generalization of the simple tight binding model, which alternates both the site energies α 1 , α 2 and intersite couplings β 1 , β 2 with nearestneighbor in tight-binding picture Fig.(2-a) . This model may consider each unit cell as an atom, with two sites states corresponding to s and p orbitals. The coupling between s and p orbitals in the same unit cell describes their overlap, and the coupling across unit cells describes the interatomic bonding. Neighboring s − s and p − p interactions are neglected in the simple tight-binding model. The KD model has three important limits. The first one can achieved in the combined limit α → 0, β 1 → β 2 ≡ β which produces the Newns-Anderson model as seen in Fig.(2-b) that α and β are the onsite energy and intersite hopping energies, respectively, in tight-binding model 34 . The second one is the limit α 1 = −α 2 , β 1 → β 2 ≡ β. This alternating site (AS) model has been used to describe titanium dioxide where the site energies (α and −α) correspond to the different atoms Fig.(2-c) 34 . The third one is the limit where the model alternates bonds(AB) Fig.(2-d) . The AB model has been used to model silicon and germanium, where the bond disparities(β 1 and β 2 ) are related to the orbital hybridization 34 . Intercepting crystal into two noninteracting segments causes symmetry breaking and surfaces states arising. The surfaces can exhibit dangling bonds, potentially leading to reconstructions surface states, with densities localized near the surface [34] [35] [36] . Three 0, 1 and 2 surface states are created in both AS and AB models. For AB model 0, 2 and 1 surface states are defined as |β 1 | > |β 2 | in both leads, |β 1 | < |β 2 | in both leads and |β 1 | > |β 2 |(|β 1 | < |β 2 |) in source(drain), respectively. For AS model 0, 2 and 1 surface states are defined as α 1 < 0 in both leads, α 1 > 0 in both leads and α 1 > 0 (α 1 < 0) in source(drain), respectively.
The paper is organized as follows. In section (II), we summarize the model, Hamiltonian and formalism. More details on the (KD) model are given in the appendix A. In section (III), we present our results for QI in the benzene molecule by numerical calculations and graphical rules. Finally, conclusion is given in section IV.
II. COMPUTATIONAL SCHEME
We start with Fig.(1) ,where a benzene molecule which subject to a local gate potential is attached to semiinfinite semiconductor electrode. We have also considered metal electrodes, for comparison. Leads are characterized by electrochemical potentials and respectively, under the non-equilibrium condition when an external bias voltage is applied. Both leads have almost the same cross section as the sample to reduce the effect of the scattering induced by wide-to-narrow geometry of the sample-lead interface. The whole system is described within a single electron picture by a tight-binding Hamiltonian with nearest-neighbor hopping approximation. The Hamiltonian representing the entire system can be written as a sum of four terms
where H L,(R) represents the Hamiltonian of the left (right) electrode which is described within the tightbinding approximation, H M is the Hamiltonian of the molecule and the last term in Eq. (1) is the Hamiltonian of coupling of electrodes to the molecule. The Hamiltonian of KD model as a semiconductor lead in the tight-binding picture is expressed as follows
Here χ † j (χ j ) denotes the creation( annihilation) operator of an electron at site j. Besides, its three Hamiltonian limits NA, AS and AB models can be expressed in the following forms,
χ the Hamiltonian of benzene can be described as follows:
HereC † i (C i ) denotes the creation (annihilation) operator of an electron at site i in the benzene molecule. ǫ i and t are the on-site energy and nearest-neighbor hopping integral in the benzene molecule, respectively. The last term in Eq. (1) is the coupling part and given by
where the matrix elementsγ c(j,i) represents the coupling strength between the molecule and electrodes. The Green's function of the system can be written as
where 1 stands for the identity matrix and Σ L (E)(Σ R (E)) is the self-energy matrix resulting from the coupling of benzene molecule to the left (right) electrode and given by
where γ c is the coupling matrix and will be non-zero only for the adjacent points in the benzene molecule and electrode. In Eq. (7), Λ L(R) is the real part of self-energy which correspond to the shift of energy levels of the benzene molecule and imaginary part Γ L(R) (E) of the selfenergy represents the broadening of these energy levels.
In the follow shifts and broadening terms of energy levels are given for KD model 34 .
where Θ is the sign function. Having Γ KD , Λ KD , one can easily find the other models relations. By applying α → 0,β 1 → β 2 ≡ β we have Γ KD , Λ KD → Γ N A , Λ N A . Also taking the limit β 1 → β 2 ≡ β and α → 0 gives relations for the AS and AB models,respectively. In Eq. (7), g L(R) correspond to the Green's functions for the left(right) electrode. The Green's functions for the KD model can be written as follows 34 :
Some of details in the derivation are further explained in Appendix A. The transmission probability between reservoirs is given as
where G r and G a are the retarded and advanced Green's function, respectively. The broadening matrix is defined as the imaginary part of the self-energy Γ L(R) = −2Im(Σ L(R) ). Transmission function tells us the rate at which electrons transmit from the left to the right electrode by propagating through the molecule. Relying on Landauer-Büttiker formula, we evaluate the current as a function of the applied bias voltage
where
and Fermi energy E F .
III. NUMERICAL RESULTS
Here, we present results of the numerical calculation based on the formalism described in sectionII. We have calculated the transmission through the benzene molecule for ortho, meta and para configurations. For simplicity, we chose the on-site energy equal to zero, i.e., ε = 0 without loss of generality. Furthermore, the value of the hopping energy is set as t = −2eV in the tightbinding picture. Local gate potential is applied on site 5 with(ε g = 0.5eV ) (see Fig.1 , local gate is shown in light green spot). The NA, AB and AS models parameters have listed in Table-I 34 . As a reference energy, the Fermi energy of electrodes is set E F = 0. The temperature is also set as T = 4K.
A. Metal electrode
We have plotted the logarithmic scale of transmission function versus energy of the gold/benzene/gold junction for meta, ortho and para configurations(see the top panel of Fig.(3) . The dotted lines are transmission function with a gate(G) potential applied on site 5 and the solid lines are the transmission through ungated(WG) benzene for comparison. For an electron with energy E, that comes from the left connection , the probability of transmission function reaches its saturated value (resonance peaks) for the specific energy values. These resonance peaks are related to the eigenenergies of the individual benzene. When the electron travel from the left electrode to the right one through the benzene molecule, the electron waves propagating along the two branches of benzene may suffer a relative phase shift between themselves. Consequently, there might be constructive or destructive interference due to the superposition of the electronic wave functions along the various pathways. Therefor, the transmission probability will change and some anti-resonance behaviour may arise. In the top panel of Fig.(3) , for meta and ortho configurations one can easily see such anti-resonance behaviours(solid lines). These anti-resonance states are related to the quantum destructive interference effect. In contrast, for para configuration in the absence of the gate potential there is not such an anti-resonance behaviour which is referred to the constructive superposition of the electron waves.
In what follows, we will apply a local gate potential and check its effects on the transport properties of three configuration. To this end we exploit a simple but versa- tile graphical method proposed recently 37 . The authors showed that using the graphical method one can easily detect the presence/absence of QI induced transmission nodes only from topological structure of molecule. Here, we just point out some essential features and rules of graphical method. A detailed description can be found in ref [37] . With some mathematical task one can recast the Eq.(10) as follow
where, G 1N (E) is the (1N ) matrix element of the Green function, and
Often we can neglect the energy dependence on the lead coupling strength, both for metal and semiconductor electrodes then QI effects are included in G 1N (E). The matrix element G 1N (E) can be acquirable using Cramer's rule
where ,C 1N (EI − H M ) is the (1N ) co-factor of (EI − H M ) determined as the determinant of the matrix obtained by removing the first row and Nth column from (EI − H M − Σ l − Σ R ) and multiplying it by (−1) 1+N . Since we consider solely sites 1 and N pair to the left and right electrodes, the elimination of the first row and Nth column entirely removes Σ L,R in the co-factor. Therefore we will concentrate on C 1N (EI − H M ) and represent the determinant graphically. The transmission zeros can be defined from the zeros of the co-factor (condition for complete destructive interference).
to understand how the graphical rules follow from Eq. (14), we use the laplace's formula for evaluating of co-factor. det(A) = A ij (−1) i+j M ij , where M ij is the determinant obtain from removing first row and N-th column of matrix (A). So the elements of co-factor gives an equation for the transmission nodes in certain energies.
We start with Hamiltonian of benzene molecule.
Note that for different configuration the Hamiltonian will be unchanged and we have just different co-factor for different meta, ortho and para configurations. On-site energies are set zero except site 5 which we put a local gate ε 5 = ε g , hopping integrals are also set equal as t. So it is simple to adjust co-factor for different meta, ortho and para configurations. Co-factor in para configuration is achievable solely by omitting 1st row and 4th column of matrix C 14 (EI − H M )
when we write down the elements of co-factor, we reach an equation which determines the transmission nodes energy(transmission zeroes). In general its a tedious work and graphical method circumvents this complexity. In Fig.(4) we have depicted all the diagrams based on graphical rules that display how the graphical method is applied to predict the possible existence of QI in an energy range benzene connected to leads in para formation. The four terms in the co-factor can be arisen graphically according to the following rules: (i) in each diagram between the external sites i and j, there is only one continuous path connecting them.
(ii) at all remaining sites , internal sites (sites other than i and j )there is one outgoing and one incoming path or either have an on-site loop.( iii) each diagram has a sign that is (−1) p where p is the total number of closed hopping loops and on-site loops. (iv) between two sites i and j ,only one path can be drawn if they have none-zero hopping elements, t ij . By converting these diagrams into a polynomial, the cofactor C 14 (E −H M ) is in hand. Now we write down polynomial function for para configuration based on above conditions as follow
where, E 1 and E 2 are tow points in which transmission spectrum vanishes. The derivation of the co-factor C 1N (E−H M ) for the benzene molecule in ortho and meta configurations will follow the same methodology of the co-factor by graphical scheme in para configuration. We have drawn all the generalized diagrams determining the transmission zeroes, for ortho and meta configurations of benzene molecule in Fig.(5) )and Fig.(6) ), respectively. so for the ortho configuration
and for the meta configuration
Comparing the above result shows a well agreement with our numerical results based tight-binding method in Fig.(3) . More precisely, the transmission zeros points are exactly corresponding to roots of above equations for all three possible configurations of the benzene molecule.
In order to provide a deep understanding of the electron transport, we have depicted the current-voltage for three ortho, meta and para configurations in the bottom panel of Fig.(3) . An applied voltage shifts the chemical potentials of two electrodes relative to each other by eV , with e the electronic charge. When the benzene level is positioned within such bias window, current will flow. With consideration to the current profile, it shows staircase-like structure with fine steps versus of the applied bias voltage. This is due to the existence of the sharp resonance peaks in the transmission spectrum, since the current is computed by the integration of the transmission function Eq. (11) . With the increase of the bias voltage the electrochemical potentials on the electrodes are shifted gradually, and finally cross one of the quantized energy levels of the benzene. Therefore, a current channel is opened up which provides a jump in the characteristic. For the same voltage the current magnitude of the three ortho ,meta and para configurations exhibit different responses to the applied bias voltage. This is due to the quantum interference effects of the electron waves traversing through the different branches of the benzene molecule. By comparing the current plots in the presence and absence of the gate potential, two features can be readily found. First, three configurations ortho, meta and para show different current magnitudes and in this regard meta configuration shows profound responses to the gate potential. The second one is different threshold voltage. Indeed, the presence of gate potential indicates smaller threshold voltage than the ungated one. Now, we proceed to investigate the effects of semiconductor electrodes on electronic transport. Note that we neglect all the interactions between current carriers and electron correlations are associated only with the Pauli principle. Then we can control the current function the electrode/benzene/electrode system with contacting the benzene to the electrodes from different locations as a geometrical interference.
B. Semiconductor electrode
Having examined the metal/benzene/metal model in hand, we now consider semiconductor/benzene/semiconductor junction within the AS and AB models. We first take two silicon electrodes in the AB framework. The semiconductor band gap compared with the metal electrodes is the most noticeable feature in the transmission plots of Figures.(7,9) as shown by the shadow region in each plots. In these regions, the absence of states in the left electrode prevents electrons from injecting into the junction; also, there are no states for them to occupy once transmitted to the right electrode. The profound effect of semiconductor electrodes is the existence of a threshold bias voltage V t . This threshold is the minimum applied bias voltage needed to access states in either the valence or conduction band and its independent on the molecular site energy. Note, from QI point as discussed in the previous subsection, coupling strength dependence on energy can be neglected γ(E) = γ. So semiconductor and metal electrodes connected to the benzene molecule both have the same transmission nodes energy according to the graphical schemas.
Alternating bond model(AB): In Fig.(7) , we have plotted logarithmic scale of transmission function versus energy for three meta, ortho and para configurations, by considering 0, 1 and 2 surface states. For meta and ortho configurations in all the three 0 ,1 and 2 surface states, one remarkable is that silicon electrodes arise antiresonance peaks around the E = ±2eV , in the ungated case(solid lines in the top and middle panel of the three plots of Fig.(7) . These points have been predicted by the graphical approach. However,in the presence of gated potential, silicon electrodes does not have significant effects on the transmission probability and just a tiny shift happens for the anti-resonance points. In the ortho arrange- ment there is an anti-resonance point which is overlapped in the two gated and ungated cases. Indeed, in all the three 0 ,1 and 2 surface states the first anti-resonance peck occurs in the same point for gated and ungated cases. In the para configuration for the all three 0, 1 and 2 surface states, in the absence of gate potential there is not any anti-resonance nodes which can be addressed to the constructive superposition of the electron waves, but immediately after applying the gate potential its transmission shows a prominent anti-resonance behaviour (same as metal electrode), particularly in 1 surface state (dotted lines in the bottom panel of the three plots of Fig.(7) .In Fig.(8) , we have presented the current as a function of voltage for meta, ortho and para configurations and the three 0 ,1 and 2 surface states corresponding to the presence and absence of gate potential which are shown in dotted and solid lines, respectively. All the three currentvoltage characteristic show the stair-like feature.
The notable effect which should be mentioned is that silicon electrodes cause different threshold voltage V t in comparison with gold electrodes in all the three meta, ortho and para configurations. Actually, in the presence of silicon electrodes threshold voltage V t occurs at lower bias. This effect is more profound in the ortho configuration. Although, for meta configuration in all the three surface states, current shows lower threshold voltage V t in the gated case than the ungated case. By comparing all three surface states, the maximum magnitude of current amplitude is seen in the para configuration at the 0 surface state and the minimum one is seen in the ortho configuration at the 2 surface state.
Alternating site model(AS):
We now consider titanium dioxide(T iO 2 ) electrodes in the AS framework. In Fig.(9) , we have plotted logarithmic scale of transmission function versus energy for three meta, ortho and para configurations in the presence and absence of gate potential which are shown in dotted and solid lines, respectively. In the AS model transmission spectrum shows less symmetry than the AB model. Particularly, this is very bold for the para configuration in all the three surface states. For meta and ortho configurations in the top and middle panels of Fig.(9) , for all the three surface states, in the absence of gate potential, anti-resonance states happens in certain values of eigenenergies, due to the destructive quantum interference. The application of the gate potential produces small change in the energy eigenvalues with respect to the ungated molecule and shifts the anti-resonance picks.
In Fig.(10) , we have illustrated the current as a function of applied voltage for the three meta, ortho and para configurations and the three surface states corresponding to the presence and absence of gate potential which are shown in dotted and solid lines, respectively. For all the three meta, ortho and para configurations in the 0 surface state applying gate potential doesn't have any significant effects on the current profile. However, in the 1 surface state the applied gate one shows the most different behaviour respect to the ungated case. The minimum magnitude of current amplitude is also seen in the 1 surface state. By comparing all the three meta, ortho and para configurations in the different surface states, one can easily find that the current has almost the same threshold voltage in the gated and ungated cases.
IV. CONCLUSION
To summarize, we have numerically investigated the coherent electron transport through the benzene molecule sandwiched between metal/semiconductor electrode as electrode/benzene/electrode system. Two generalized tight-binding models, alternating site (AS) and alternating bond (AB) models, are considered to emulate semiconductor leads.
The well known Newns-Anderson model is also used to mimic the metal leads as a comparison benchmark. Furthermore, due to symmetry breaking in semiconductor lead surface states are formed. In this regard three kinds of surface states labeled as 0, 1 and 2 are considered. The main goal of this report is devoted to the effect of semiconductor electrode on the quantum interference characteristic of the benzene molecule. To this end, we have assumed three different terminal contact configurations (labeled as meta, ortho and para) and also a gate potential in order to check the presence of quantum interference(see Fig.1 ). Using the generalized Green's function technique based on the tight-binding model and the LandauerBüttiker theory, we have calculated the transmission probability function and the current-voltage characteristic. The first remarkable feature is the existence of a bias voltage threshold V t in the transmission probability function and the current-voltage figures. This threshold comes back to the semiconductors band gap and it is the minimum applied bias voltage needed to access states in either the valence or conduction band. The second behaviour observed is that the transmission probability function profile for semiconductor leads shows an irregular pattern in compared with the metal electrode. Nevertheless, in the integrated behaviour as the current-voltage characteristic, no such behaviour is observed. The third noticeable feature is the current magnitude for semiconductor/benzene/semiconductor systems are higher than its metal counterpart and this visage is much prominent in the 0 surface state for both AS and AB models. The gate potential can also create some anti-resonance peaks and has profound effect on the current magnitude in the meta configuration in both semiconductor and metal electrode cases. Moreover, we have explained how the quantum interference (QI) can create zeroes in the transmission function of the benzene molecule for all three configurations using simple graphical schemas involving solely the topology of the molecule. The results open up new possibilities for the design of single-molecule devices, sandwiched between semiconductor leads, based on quantum interference effects, for instance, switching devices that operate by combining destructive and constructive molecular structures. In order to have a self-contained and pedagogical manuscript, we have tried to go through the details of Eq. (8, 9) . In this regard we adapt the procedure used in Ref.
[ 34 ] to find the solution step by step. We start by Eq.(7), Σ KD (E) = γ * c g KD γ c = Λ KD (E) − 
In general the calculation of the Green's function of an operator H requires the preliminary diagonalization of H. However for tridiagonal operators the calculation is straightforward. For operator H which has the tridiagonal matrix form, the operatorE − H is also tridiagonal form. So one can write the Green's function diagonal matrix element as continued fraction. For our purpose which we are interested in surface Green's function one can achieve the following expression
